Abstract: It is demonstrated that planar microwave circuits and components such as impedance inverters or power dividers, among others, can be compacted by using artificial left-handed transmission lines in their designs. Key to this size reduction is the possibility to control the electrical characteristics of these lines (namely electrical length and image impedance) over wide margins by means of a single cell structure. It consists of a microstrip line section with a series capacitive gap etched in the conductor strip and loaded with a complementary split rings resonator etched in the ground plane. A recently reported model of the artificial line is used as a first step in the design of the desired devices. To demonstrate the viability of the approach, several prototype device examples are provided, that is a 908 impedance inverter and several power dividers with different topologies. A 50% size reduction (as compared to conventional devices) has been achieved by implementing the devices in conventional low loss microwave substrates, but further levels of miniaturisation can be obtained if the devices are fabricated on advanced technologies such as low temperature co-fired ceramic or multi chip module-deposited, among others.
Introduction
Several techniques to reduce the size of planar microwave components have been proposed so far. For instance the semi-lumped element approach, where capacitors, inductors and resonators are implemented by means of electrically small topologies, compatible with printed circuit board or thin film technology, has been successfully applied to the design of filters and diplexers [1, 2] . Typically, capacitors have been implemented by the well-known interdigitated concept or by means of signal-to-ground metal patches, and inductors have been designed by means of wire loops and narrow strips (a good description of semi-lumped element filters and related references is given in the work of Hong and Lancaster [3] ). Concerning resonators, these elements have been implemented by combining narrow metallic strip, which behave inductively, and capacitive patches to ground. Semi-lumped resonators have been successfully applied, for instance, to the design of miniature low pass filters with attenuation poles properly located in order to obtain a sharp cut-off [4] . Another well-known miniaturisation technique consists of periodically loading transmission lines and stubs with shunt connected capacitors (semi-lumped, chip capacitors or surface mount device components), with the result of a slow wave effect [5] [6] [7] [8] . It has been also demonstrated that the slow wave effect can be achieved by properly microstructuring the ground plane [9] , in microstrip configurations, or the conductor strip, in Coplanar waveguide (CPW) technology [10] . In these capacitively loaded and microstructured transmission lines, the slow wave effect is due to the modification of the effective parameters (dielectric constant) of the transmission line medium.
Within effective media there are also the negative index media, namely artificial structures with effective dielectric permittivity and magnetic permeability both being negative [double negative or left-handed media (LHM)], or with only one of these electromagnetic parameters taking a negative value (single negative materials) [11] . The electromagnetic properties of LHM (negative refraction and reversal of the Doppler Effect, Cerenkov radiation and Goos -Hänchen effect), which are consequence of the anti-parallelism between the phase and group velocities, go beyond the behaviour that conventional materials exhibit [12] . For this reason these substances have been termed as metamaterials. Nevertheless, since the properties and parameter values of SNG media can also be artificially controlled, these structures are also considered to belong to the category of metamaterials. A key aspect for the fabrication of metamaterials, or to achieve effective (or continuous) index media, is to use constitutive elements, or particles, with dimensions much smaller than signal wavelength at the frequencies of interest. This is not very distinct than the semi-lumped element approach for the design of planar microwave circuits, which is in turn contrary to the distributed approach, where transmission lines and stubs scale with frequency. However, owing to left-handedness and to the possibility to control their electrical characteristics, artificial metamaterial transmission lines are of interest not only for device miniaturisation but also for the design of microwave devices and circuits based on new functionalities. Two main approaches have been used for the synthesis of such lines: (i) the dual transmission lines concept, in which series capacitances and shunt inductances loading the line are the key elements to achieve lefthandedness [13 -15] ; (ii) the resonant-type approach, where split rings resonators (SRRs) or complementary SRRs (CSRRs), shown in Fig. 1 , have been combined with shunt connected wire (or via) inductances and series capacitances, respectively, to implement one-dimensional left-handed structures [16, 17] . The second approach was introduced by some of the authors of this work, and it was inspired in the first synthesised left-handed effective media, which was implemented by Smith et al. [18] at the University of California, San Diego, USA. By combining SRRs with shunt connected wires, a one-dimensional artificial medium with negative effective permeability (due to the presence of the SRRs) and permittivity (thanks to the inductance of the wires) was implemented in the CPW technology [16] . In microstrip technology, the required negative values of permeability and permittivity to achieve a backward wave structure were obtained by etching series gaps in the conductor strip, and CSRRs in the ground plane, the latter providing the negative effective permittivity [19] .
In this work, compact microwave components are designed in microstrip technology by using artificial left-handed lines implemented by means of CSRRs. As will be shown later, these artificial lines are highly dispersive, and both the phase shift per cell (or the electrical length) as well as the characteristic impedance (image impedance) can be independently tailored to some extent. This allows us for the design of microwave devices based on the control of the electrical length and impedance of transmission lines and stubs, but by using single CSRRbased cell structures. The results are small size, and the possibility to fabricate microwave circuits with extreme values for the characteristic impedance of transmission lines and/or stubs. Several prototype device examples are provided to illustrate the potentiality of the approach, including impedance inverters, which can be used as impedance matching networks and power dividers.
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CSRR-based left-handed lines: topology, equivalent circuit model and synthesis CSRR-loaded transmission lines can be implemented in both CPW [20] and microstrip [17, 19] technologies. In the former case, since lateral dimensions are not univocally determined, the conductor strip can be designed to be wide enough to accommodate the CSRRs. In microstrip technology, these particles are preferably etched in the ground plane, underneath the conductor strip. This guarantees that CSRRs can be excited by the time varying electric field of the quasi-TEM signal propagating in the line, since it exhibits a significant component in the axial direction (actually, CSRRs can be alternatively excited by a time varying magnetic field applied parallel to the plane of the particle [21] , although this excitation mode is weaker). In the present work, the left-handed artificial lines are implemented by following the second approach. The topology of the basic cell and its lumped element equivalent T-circuit model are depicted in Fig. 2 (losses and inter-resonators coupling have been excluded in this model). This equivalent circuit has been already reported [21] , but it is reproduced here for coherence and completeness. The model is valid under the assumption that the size and distance between adjacent CSRRs are both electrically small. The series gaps are modelled by the capacitance C g , while CSRRs are described by parallel resonant tanks (with inductance L c and capacitance C c ), which are electrically coupled to the host line through the capacitance C. The line inductance, L, which is series connected to the gap capacitance in this model, has been previously neglected. The reason is that in the region of interest (i.e. the transmission band), the series impedance must be dominated by C g . This is a necessary condition to achieve left-handedness. Moreover, for filter applications, negligible inductive impedance is required in order to obtain a reasonable selectivity in the upper band edge [21] . In general, L may not be negligible, and it may be necessary to account for it in order to accurately describe the structure, regardless of the specific conditions. However, if we take L into account, the obtained equations are too complicated to be intuitively useful for the design. Therefore in the analysis carried out in the present section, L has been omitted. We will use the model equations to obtain the parameters of the simplified (i.e. by excluding L) model from given specifications, and these parameters will be used to generate the layout of the structures. By optimising these layouts (to achieve the target specifications), the final topology is obtained, and the electrical parameters (including L) are extracted, so that the validity of the simplified model can be checked.
The structure under study ( Fig. 2 ) is highly dispersive, as can be inferred from the phase shift of the elemental cell, which is given by
Z p and Z s being the shunt and series impedance, respectively, of the T-circuit model. The image impedance of the structure is given by
Z B and f are the key electrical characteristics of the artificial left-handed lines implemented by means of CSRRs. They must be set to the desired values (according to the designs required) at the operating frequency. In view of the equivalent circuit model given in Fig. 2 , we have (1) and (2) are dependent on four parameters (the reactive elements of the model, except L). However, in practice it may be convenient to broaden the operative bandwidth of the devices as much as possible.
Hence, an analysis of the circuit model is necessary in order to appropriately choose the circuit parameters. Obviously, it must also be taken into account the limitations of the structure to physically implement a layout from the inferred circuit parameters. This analysis is carried out in the following paragraphs. First of all, we must have in mind that the structure of Fig. 2 exhibits a backward allowed band in an interval delimited by the frequencies
as results by forcing f, or Z B , to be real numbers. Within this interval, f varies between 0 (at f H ) and 2p (at f L ), whereas Z B ¼ 0 V at f L and Z B ! 1 at f H . This strong variation of the electrical parameters of the artificial line through the allowed band is very important for our purposes. Namely, as long as these parameters can be independently controlled, which is valid to some extent, it is potentially possible to achieve the required values for Z B and f by using a single cell structure. This will be later verified. Now, let us focus on the synthesis of the artificial left-handed lines from the previous equations. The input parameters for design are the operating frequency f c , the required phase variation at that frequency f c ¼ f( f c ) and the image impedance
The frequencies f L and f H , which must be set below and above f c , respectively, are also design parameters. In order to obtain devices with reasonable bandwidth, it is convenient to move these frequencies apart from f c as much as possible. However, in practice, this is limited by the element values resulting from the previous equations, which not only must be positive, but they should also have reasonable values for physical implementation of the device to be possible. One of the aims of this section is to analyse the intrinsic limits of the operative bandwidth of the device.
From (1) and (2), the capacitance value of the series gap can be easily inferred, namely
where v c ¼ 2pf c . To obtain other electrical parameters of the equivalent circuit model, inversion of (1) - (4) is necessary. This involves a tedious calculation. The final results are given by (5)- (8) reveals that C g , L c and C c are always positive provided
The analysis of (8) indicates that the numerator is positive. Therefore to obtain a positive value of C, the following condition must be satisfied
According to (9) , for a given value of the operating angular frequency, v c , and phase, f c , only a limited range of v L and v H combinations is possible. As an illustrative example, the region in the v H 2 v L space where solution to (9) is obtained, for a value of phase given by f c ¼ p/2 is depicted in Fig. 3 . This value will be considered in the prototype devices designed in the following section. It is interesting to mention that, as long as L can be neglected in the model, the intrinsic limits for v L and
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Application to microwave circuit design and miniaturisation
We have applied the CSRR-loaded lines to the design of planar circuits with small dimensions. Key to this are the small electrical size of the resonators and the possibility to control phase and line impedance over wide margins with a single cell structure. We have designed 908 impedance inverters, and we have applied them to the synthesis of narrow band power dividers, which have been implemented, tested and compared to conventional devices.
In the design of 908 impedance inverters, the line impedance is usually set to the required value to match the input port. As a first step to the design of power dividers, we have designed a f c ¼ 908 impedance inverter with a characteristic impedance set at Z c ¼ 70.7 V (these electrical parameter values will be justified later). The operating frequency is set to f c ¼ 1.5 GHz. From this impedance and phase, we have determined the parameters of the equivalent circuit model following the procedure described in the previous section. To this end, the frequencies delimiting the allowed band have been set to f L ¼ 1.39 GHz and f H ¼ 1.68 GHz. These values lie within the above cited limits and provide reasonable results for the element parameters. The results are C g ¼ 0.75 pF, C ¼ 14.9 pF, L c ¼ 1.76 nH and C c ¼ 5.08 pF. From these reactive elements, we have obtained the layout of the inverter [22] . The parameters of the Rogers RO3010 substrate (dielectric constant 1 r ¼ 10.2, thickness h ¼ 1.27 mm) have been considered. Optimisation has been actually required to obtain the desired impedance and phase at the operating frequency. Dimensions of the final structure are indicated in Fig. 2 . The length of the inverter is 12.9 mm, which represents a significant miniaturisation as compared to a conventional 908 line implemented in microstrip technology by using the same substrate (the length in this case is 21.0 mm). The simulated frequency response of this impedance inverter, obtained by using an electromagnetic solver (Agilent Momentum), is depicted in Fig. 4 . From this simulation, we have extracted the parameters of the complete (i.e. by including L) model. To infer the elements of the series branch, the reflection coefficient is depicted on a Smith Chart. At the intrinsic resonant frequency of the CSRRs (4), the shunt admittance is null and the impedance seen from the input port is given by the impedance of the output port (50 V) plus the reactive impedance of the L and C g combination. Therefore from the reflection coefficient at that frequency (which can be identified from the intersection with the unit resistance circle), we can obtain the series reactance, and from the value of L, which can be estimated from a transmission line calculator, we can infer the value of C g . To determine the elements of the shunt admittance, we use (4) and two additional equations. One of them is the expression that gives the transmission zero frequency
which can be easily identified from simulation or experiment. Equation (3) can be inferred from the dispersion of the structure (1) . For that frequency where f ¼ p/2, namely f p/2 ¼ v p/2 /2p, we have
and hence (3). The three characteristic frequencies, f o , f z and f p/2 can be easily determined from simulation or experiment. Therefore by isolating (4), (10) and (11), the three elements of the shunt reactance can be inferred. Following this procedure, the line inductance has been found to be L ¼ 5.2 nH. The other element values coincide with the parameters inferred from the simplified model (see results above) to a good approximation, with only one exception, that is the gap capacitance, which has been now found to be C g ¼ 0.59 pF. This discrepancy is explained by the fact that the line inductance, L, cannot be actually neglected. Hence, the result obtained from the model equations for C g must be considered as an effective capacitance. The electrical simulation of the equivalent circuit model (obtained by means of Agilent ADS), with the extracted parameters, including L, is also depicted in Fig. 4 . Excellent agreement between both the electrical and electromagnetic simulations has been obtained, which is indicative of the validity of the model. This impedance inverter has not been fabricated since it has been used as an intermediate step for the design and fabrication of a CSRR-based power divider. Power dividers can be implemented by means of 908 impedance inverters as it is depicted in Fig. 5 . The device that has been implemented as a first prototype device to demonstrate the potentiality of CSRR left-handed lines on miniaturisation has been designed according to the topology shown in Fig. 5a . Hence the previous impedance inverter is useful for our purposes provided the same substrate is considered in the design of the power divider. The layout, compared to that of a conventional device, and the photograph of the fabricated prototype are shown in Fig. 6 . The prototype has been characterised by using the Agilent 8720ET Vector Network Analyzer. The relevant scattering parameters (measured and simulated) are depicted in Fig. 7 . Good agreement between full wave electromagnetic simulation and measurement has been obtained (the small shift is due to fabrication related tolerances). Measured transmission between the input and the output ports is dB(S 21 ) ¼ dB(S 31 ) ¼ 23.2 dB, which is close to the value corresponding to an ideal lossless device. Concerning dimensions, these are approximately 50% smaller than those of a conventional implementation. Therefore it is clear that the approach proposed in this work can be used to reduce the size of microwave devices. Actually size reduction is limited by CSRR dimensions, which in turn are limited by the critical dimensions of the technology in use. Namely, the size of CSRRs (for a given resonant frequency) can be reduced by decreasing the slot and interslot widths (c and d in Fig. 1) . Hence, by implementing these structures in advanced technologies such as LTCC or MCM-D, among others, where lateral resolution is small, further miniaturisation is expected. We would also like to mention that the width of the host lines for the 908 impedance inverters is roughly the same as that of the 50 V access lines. This width (host lines) does not depend on the characteristic impedance of the inverter (as occurs in conventional lines). Therefore by means of this technique, it is potentially possible to achieve extreme values of line impedance without the need to implement very narrow (or wide) transmission line sections.
We have also designed a power divider according to the topology shown in Fig. 5b . In this case, a single 908 impedance inverter with 35.3 V characteristic impedance is required. The synthesis of this device has been done by following the steps discussed previously. The layout is depicted in Fig. 8 together with the photograph of the fabricated prototype. The simulated, using Agilent Momentum, and measured frequency responses of this power divider are depicted in Fig. 9 . Again, good agreement between simulation and experiment has been obtained. Device dimensions are small (l ¼ 12.3 mm, excluding access lines), whereas measured performance is good [i.e. dB(S 21 ) ¼ dB(S 31 ) ¼ 23.9 dB]. This slightly higher loss value (as compared to Fig. 7 ) is attributed to inaccuracies in fabrication since from simulation no distinguishable results arise. By increasing the number of output ports, N, The simulated frequency response of a conventional device is also depicted for comparison Fig. 5a a Layout of the CSRR-based power divider b Layout of a conventional power divider c Bottom face of the power divider d Top face of the power divider The dimensions of the two impedance inverters forming the device are those indicated in Fig. 2 of the divider, the characteristic impedance of the inverter must be decreased according to
where Z o is the reference impedance of the ports (normally Z o ¼ 50 V). Hence, the characteristic impedance of the impedance inverter may take very low values for practical implementation if N is high. The idea of implementing these devices by means of CSRR-based artificial lines has also been carried out. Specifically, we have designed a power divider with four output ports. The characteristic impedance of the 908 impedance inverter is in this case 25 V. We have designed such a transmission line and we have implemented the power divider by cascading 50 V lines to the input and output ports, as shown in Fig. 10 .
The simulated and measured frequency responses for this device are depicted in Fig. 11 . The measured transmission between the input and any of the output ports (at the design frequency) is 26.2 dB, which is very close to the ideal transmission for such a four-port power divider. The width of the host line for the 908 artificial transmission line of Fig. 10 is W ¼ 6.0 mm. This is actually wider than a conventional 25 V line implemented in the same substrate (W ¼ 3.9 mm). The reason for implementing such relatively wide (but realisable) host line is the required value of the gap capacitance (5), which is relatively high on account of the low value of Z B ¼ Z c . By using the interdigitated concept, line and gap widths can be substantially reduced, but this has not been applied to the design of Fig. 10 since the width of the resulting host line is still implementable. Also, gap separation could have been made smaller in order to achieve the required capacitance with a narrower line, but we have set this geometrical parameter to 0.16 mm (far above the resolution limit) to minimise tolerance effects. However, in applications requiring much lower (or higher) line impedances, conventional lines may not be implementable. Therefore the artificial transmission lines based on the combination of CSRRs and series capacitive gaps are useful not only to decrease device dimensions, but also to make possible the synthesis of planar transmission media requiring extreme values of the characteristic impedance. This may be the case of impedance matching networks with high (or low) impedance loads, or multi-output power dividers, among other devices. The application of left-handed lines to the design of multi-output power dividers has also been reported by Antoniades and Eleftheriades [23] . In that work, they pursue broadband in-phase power division at all ports, and they successfully achieve this by using zero-degree artificial lines in order to inject in-phase signal at the output channels. Equal phase shift in the 1:4 power divider presented in this work has not been considered, but it would be possible to substitute the output access lines with zero-degree (or equal phase) lines implemented by means of CSRRs, in order to achieve in-phase output signals. Conversely, the miniaturisation technique presented in this paper could also be applied to reduce the size of the output channels in the power dividers presented in the work of Antoniades and Eleftheriades [23] . Fig. 10 Actually, the artificial lines presented in this work can be applied in many scenarios to reduce device dimensions, and this has been the main aim of this work. The bandwidth of the reported devices is limited and hence they are of interest in narrow band applications. Nevertheless, by combining CSRR/gap cells with shunt connected (grounded) stubs, an additional degree of flexibility is introduced and it is expected that bandwidth can be improved (this aspect is under investigation).
Conclusions
In conclusion, it has been demonstrated that artificial left-handed lines, implemented by etching CSRRs and series gaps in a host microstrip medium, can be useful for the design of compact microwave devices, such as impedance inverters and power dividers, among others. A method for the synthesis of these lines, in which the phase shift per cell and the characteristic impedance are the target specifications, has been proposed. Several prototype devices have been designed, fabricated and characterised to validate the approach presented in this work, and to point out the achievable levels of miniaturisation. The compactness factor has been found to be of the order of 50% in fabricated power dividers, as compared to conventional implementations. Measured transmission coefficients between the input and any of the output ports in such devices have revealed very good performance for narrow band applications. Moreover, it has been highlighted that by means of the artificial CSRR-based left-handed lines, it is possible to tailor line impedance over wide ranges. A multi-output power divider, that uses a 25 V impedance inverter, has been designed and fabricated to further demonstrate the potentiality of these artificial lines. Thus, CSRR left-handed lines are of interest to reduce the size of planar microwave circuits and to implement circuits requiring transmission lines or stubs with extreme values of line impedance.
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